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∀j ∈ ZZ , Wj ⊥ V ′j
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s = − ln(a/a0) 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n(a) = − ln a 
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Pa2(Y ) = Ga1,a2 ? Pa1(Y )
⇒ Y (a2) d= ω˜a1,a2 + Y (a1)
⇒ ln |TX(a2)| d= ln W˜a1 ,a2 + ln | TX(a1)|
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TX ≥ 0 L 
'A¸ ﬀÏ%$




































































































































































































































































































































































































































































































































































       	 
	  
       
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H;9GA[V%IJ@B:<9G5dXXZ1JV%d<G5K9G5i
G(s) = exp(sU) áKá[á eMJ¡
>@?A>B? 
J









r@BAKIJH¡w>9GV T (s) E­^`14Zc;A%I¦V%9;36AIJ5K5[1]HG@BcJe>IoZ<A[14Z<A[@BcGVKcŁ=<9'5K9GTn@©ON4A[143<Z9 Tcs1 ? Tcs2 =
Tc(s1+s2)





 {T (s)} H;14:65[V%@ªV%3<9®EB9k¯°p±k²´³µJ¶&·¦¸¹°®½X°&¯tÄ¶%»J¿6¯ ª»JÄ²­·¦¿6¯pe
d]1J:*N4cG:<c;AKIPV%9G3<A9;5zV
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U /W #4"M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∂Ps/∂s = UPs ¡L1J3UZ<IJAL3<:<9=<@B5zV%A[@BY<36VK@B14:s@B:6RS:6@BTU9;:DV
=<@ª7]@M5K@MY<EB9kIP5K5K1XH;@Mc;9nIJ3¨Z<AK14Z<IJNﬀIPVK9;3<A
















































n ∈ IN∗ 9;EMEB9'Z9;36Vn«GVKAK9AK9;Z6AKc;5[9;:DV%cG9/H;14TUTU9EBI¨=6@B5[VKAK@MY<36V%@M14:Ú=<9EaI
5K1JTnTU9k







































































eiνy G(y) dy áKáKá
eªuﬀ¡


































ρ(ν) = ψ(ν) + iµνψ(ν) = ∫ +∞
−∞
































N4cG:<c;AKIPV%9G3<A U wEBIU14:<HpV%@M14: ρ(ν) 9G5[Vi36:<9s@MT,IJNJ9t=<3N4c;:<cGA%IPVK9;3<A U  φs = e−sρ 9;5zViIJ:SIPEB14N4369sl
4 G(s) = esU 4PeJIr1J:<HGVK@B14: ρ 9G:<N49;:6=<AK9FEBI2IJTU@BEBEM9=<9F=<@B5zV%A[@BY<36VK@B14:658@B:]RS:<@BTU9;:DV=<@M7X@B5[@BY<EM9;5 {Gs} e
>@? ?























[0, +∞[ e d]@ G IZ143<A5[3<Z<Z14A[V ]−∞, +∞[ 14:,Z9G36VIJ3<5[5K@_=6cGRS:<@MA  5K@g9GEBEM929\6@M5[VK9¡
3<:<9V%AKIJ:<5[1JAKTUc;9=<9/IJZ<EBIJH;9
º























M{dy} G! :8Y!"X!:;ﬀ`/9 4"ﬀ% 4ﬀ x > 0 S
   	













[0, +∞[ 5K@W9GV5[9;3<EM9;TU9;:DV5K@W9;EMEB9j9G5[V2=<9bEaIs14A[Tn9 G¯ = e−ϕ I749;H












P{dy} <∞. áKáKá eP|D¡
C




















































H;1J:XVK@B:X3 {G(s)} IJ5K5[1]HG@Bclj3<:kNJc;:<cGA%IPVK9;3<A U w4EaI14:<HGVK@B14: ϕ(q) 9G5[V3<:<9F@MT,IPN49=<3kNJc;:<cGA%IPVK9;3<A U 
G¯ = e−sϕ

























[0, +∞[ 9;5[ViÀ·¦±r¹ pÄ°p±,°p¿SÄW±,·¦¿g·¦Ä·¦¿g°5K@<VK1436VK9;55K9G5
=<cGAK@M74c;9;59\6@M5[VK9;:DV29pV5K14:DVFV%9GEBEM9;5FCD3<9
(−1)kϕ(k)(q) ≥ 0, q > 0. áKáKá e<9ﬀ¡
 &!Lﬀ /a. &, L0&ﬂ'2&:,$ ﬀ &ﬂ $%&ﬀ ﬁ$ ./ﬀﬃ),$ ﬀ &ﬂ ﬀ"ﬂ0 ﬂﬀﬃ!#ﬂ$%&ﬀ 'ﬀ ﬀ")    
C
d]@WEM9;5FH;36Tk3<EaIJ:DV%5=<9iV%143<514A[=<AK9G59p\]@B5zV%9;:DV¢w6EB9jV%d6c;14A[;TU9 9k:<1J3<5@B:614A[Tn9rCX369 ∀ k ∈ IN∗ {
Ck ≥ 0 5[@ G 9;5zV=<cGRS:6@B9b5K3<A [0, +∞[













































































V%@M14:iH;1J:XVK@B:X3 {G(s)} IJ5K5[1]HG@BclF3<:bN4c;:6c;A%I¦V%9;36A U w¢EBI14:<HpV%@B1J: H(q) 9G5[V3<:<9L@MT,IJNJ98=<3bN4cG:<c;AKIPV%9G3<A

















































[| TX |q] = á f [ eq ln|TX | ] = á f [ eqY ] áKá[á e~]¡
14â




[| TX(a) |q] = −H(q)n(a) + Cte
143)=69ﬂ5;^`@B:DV%cGAK9G5K5K9GAoIJ3]\HG3<Tk3<EaIP:XVK5=63àEB14NﬀIPAK@MVKd<TU9o=<9;574IJEM9;3<A[5IPY<5K14EM3<9;5





































CD3<9=_^IJ36V%A[9;5XTU1]=6;EB9EB14NPOQ:<14A[T,IJED=<9  7_9ﬀ]w49\]Z145KIJ:DV%5EB14N¦OÆ814@M5K5[14:s=<9 d]d692WcG7ﬀ«GCX369T,IJ@M5
EaIt=<@B5[H;AK@MTn@M:SIPVK@B14:U9;:DV%A[9j=<@Mhc;A[9;:DV%5.TU1X=<;EM9;55zV&IPVK@B5zV%@BCD3<9G5.Z143<A.3<:'Z<d6c;:<14TU;:69bIJ3<5K5[@_H;1JTnZ<EM9p\]9




























α− 5[V%IJY<EM9;5 . . . −µq − σαqα
[








































Y = ln εr
w




























































Pa2(Y ) = δH. ln(a2/a1) ? Pa1 (Y )
á
f
[| Tv(a) |q] ∼ aqH
áKá[á
e~J~ﬀ¡









































G=N (µ, σ2) áKá[á e~P|D¡
=<9b5K1JA[V%9bCD3<9 




H(q) = − µq − σ
2
2



















[(lnW − µ)2] =<9



















   Ì8EM3<HGVK3SIPVK@B14:<5=<9









ln εr = σ
2













µ = −1/3 − 3k/2 9GV σ2 = k Å_=SIJ:65jH;9kH;IJ=<AK9Pw_14:ImY<@M9;:o5 



































log2 | dX(j, k) |= Hj + Cte
7JIJA
log2 | dX(j, k) |= Cte áKá[á
e~4¥4¡
=<14:6H












log2 | dX(j, k) |= −C1j + Cte
74IPA
log2 | dX(j, k) |= C2j + Cte áKá[á
e~<;ﬀ¡
=<14:6H
log2 | dX(j, k) |
S36HGV%369IJ36VK143<A=<9













































































 &!Lﬀ /a. &, L0&ﬂ'2&:,$ ﬀ &ﬂ $%&ﬀ ﬁ$ ./ﬀﬃ),$ ﬀ &ﬂ ﬀ"ﬂ0 ﬂﬀﬃ!#ﬂ$%&ﬀ 'ﬀ ﬀ") 
 
 
d]d<9b9pVrWcp7ﬀ«;CD3<9n{ªJ~¦9G:*36VK@BEM@B5%IP:XV2Ä S°®¶&° ¿g°%½¯p²´±k² ª»J¶²´Ä   &¹·¦Ä S°&¯p²B¯?=<9  9ﬀ
áKáKá
e~ﬀ4¡5[14:DVb
H(q) = γq + λ (1− βq)
I749;H
Z143<AEBI=<@B5[5K@BZ<IPV%@M14:
εr : γ = −2
3
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HSL(q) = q/9 + 2(1-(2/3) q/3)
HLN(q) = (1/3+3k/2)q - k/2 q 2,  k=0.022
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ﬁ$ ./ﬀﬃ),$ ﬀ &ﬂ ﬀ"ﬂ0 ﬂﬀﬃ!#ﬂ$%&ﬀ 'ﬀ ﬀ") 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14â































































































sk | ω |k−1
k!(k − 1)!T k e
ω/T , ω < 0, á[áKá
e`|D¥4¡
14â
































































































































G∆n(ω) =γα∆n,β(ω −∆n) = β
α∆n
Γ(α∆n)
(ω −∆n)α∆n−1e−β(ω−∆n) áKá[á e J4¡
 &!Lﬀ /a. &, L0&ﬂ'2&:,$ ﬀ &ﬂ $%&ﬀ ﬁ$ ./ﬀﬃ),$ ﬀ &ﬂ ﬀ"ﬂ0 ﬂﬀﬃ!#ﬂ$%&ﬀ 'ﬀ ﬀ") 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β  > 0
¡5K14:DV=<cGVK9;A[Tn@M:<c;9G5s»®¹·¯pÄ°p¶²­·¦¶p²´e
>@? ?


























zr,l = − ln(rqr,l/l) ∈

















 ﬁﬀﬃﬂ ﬂﬀ"!#ﬂ$%&ﬀ '(ﬀ ﬀﬃ)( *$+$-,./),( ﬂ0
y9sHd<1J@ª\*I74IJ@ªVFZ143<A14YX£[9;HpV%@ªL=_^IJTncGEB@M14AK9GAFEB9;52AKcG5K3<EªV&IPVK52=<9 d6IJ@ªV%1*{ª¢|ﬀ¥wZ<36@B5KCD3<9tZ1J3<A2EM9;52EB14@M5
NﬀIJTUTnIs14:*I=<IJ:<5H;9pVKV%9®AK9GZ<AKcG5K9G:XV%IPV%@M14:
















zr,l = − ln(rqr,l/l) 5K1J:XV?IJEM14AK5:<cGH;9;5[5%IJ@MAK9GTn9G:XV
Z145K@ªV%@M5Ge<fL:ZSIJA[VK@BHG3<EB@M9;A;w





[(ln(rqr,l/l)− µ)2] ≥ 0















































 #4IEg+^e -dY;1. :IEQ)8ﬃ(E%1.X:I-+<ﬃh)-:IE[+<h/W-L"V-LX"V-L/Iﬂ#S S @#ﬀﬂﬃ! #"%$'&ﬁ IS
 & 

2L ﬁﬀﬃﬂ0Yﬂﬀﬃ! ﬂ$+aﬀ 'ﬀ ﬀﬃ) %$ !, $\ﬀ  ﬀ 
$H,.     
_=Í ÖFÝ	SÑ×ÝÑ









Ps+∆s(Y ) = G





















Y (a, t) = ln | TX(a, t) |

A[9;5[Z_e

































s = − ln a/a0 9GV













∀k ∈ IN∗, CYk (s) =CGk .n(s) + CYk (0) á[áKá
eﬃ94vﬀ¡
fL:sZSIPA[V%@MH;3<EM@B9GA;w
CY2 (s) = σ
2















































u = αn(s), α > 0
w





 ﬁﬀﬃﬂ ﬂﬀ"!#ﬂ$%&ﬀ '(ﬀ ﬀﬃ)( *$+$-,./),( ﬂ0

YS¡ ∀k ∈ IN∗, C Y˜k (u) =
CGk
α


































































Cωk (∆s, s) = C
ω
k (∆s)
= CYk (s+ ∆s)− CYk (s)




Cωk (∆s) = C
G





















Y (a, t = Cte)
wI7ﬀ9GH
s = − ln a/a0 wEaI¤Z<AK1JZ<AK@McGV%c n(s) = s
V%AKIJ=<3<@ªV>E^@M:X7JIJAK@BIJ:<HG9L=_^cGHd<9;EMEB9JeJÊ2:kcGH¢IJAzVÉljE­^`@B:D74IJA[@aIJ:6H;9L=_^`c;Hd<9GEBEB9PwJEBIrH;1436AKY<3<A[9F=<9

















u = n(s) 6= s
























































































k (s+ ∆s)− CYk (s) = CGk . [n(s+ ∆s)− n(s)]




















Cωk (∆s, s) + ρk(∆s, s) = C
G












  ∀ k , ρk(∆s, s) = CGk [n(s+ ∆s)− n(s)− n(∆s)]
⇔
`!48ﬀ%\!ﬀ%"ﬁ2-L48ﬀ%\^1.+N/9!:IE%!" +<FEHG7 #"%"ﬃ!+-dﬀ1< #:IEJG7 &ﬁ&ﬁ,+- G7 :WE_ﬃFM#4I!:IG!*) e ﬁﬀ9!ﬀEH),ﬀ-1<+.+<ﬁRW:1< 7ﬀHY 1." 1G71C4:
/I-#E%E%!"!+.+< Y!"VE+.'E[ﬀ"-LYL-L486,)8  ST=4IP"%4I+<+.ﬃﬂ

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ﬀﬃ)( *$+$-,./),( ﬂ0
Y











Ps+∆s(Y ) = G
?[n(s+∆s)−n(s)] ? Ps(Y )
Y_e


















 E[ω(∆s)] 6= 0 ¡pwS1J:1JY6V%@M9;:DVFZ1J3<A k = 1 =SIJ:<5 á[áKá eﬃ9&9ﬀ¡w
á
f
[ω(∆s) ] = Cω1 (∆s) = C
G





n(s) ∝ s ZSIJAEB9®Tn«GTn9®IJA[N43<TU9;:DVCX369sEaIZ<A[14Z<AK@McGVKc






E[ω(∆s)] 6= 0 =⇒ n(s) ∝ s eC









=⇒ n(s) ∝ s
   ∀ k , ρk(∆s, s) = CGk [n(s+ ∆s)− n(s)− n(∆s)]
⇔
Y








ω(∆s) 6= 0 =⇒ n(s) ∝ s
Ê2:Z14@B:DVm@MTnZ14A[V%IJ:DV,CD3_^`@BErIP36V'=_^IJY1JAK=Ã5K@MN4:SIJEM9;Am9G5[V'E^IJY65K9;:6H;9=_^`c;CD3<@M7JIJEM9;:<HG9/9;:DV%A[9oEaI
Z<A[14Z<AK@McGVKc/=_^`@B:D74IJA[@aIJ:6H;9'=_^`c;Hd<9;EMEB9













































2L ﬁﬀﬃﬂ0Yﬂﬀﬃ! ﬂ$+aﬀ 'ﬀ ﬀﬃ) %$ !, $\ﬀ  ﬀ 
$H,.    





























































































































 t ≡ s @BH;@a¡=<3Z6AK1XH;9;5[5K3<5Gwg=<cGH;A[@MV%9®ZSIJA G?[n(s+∆s)−n(s)] w9pVrE^cp7ﬀ14EB3XO
V%@M14:o°p¿ %À S°  B°

























GN (ω˜) =N (0, σ2) áKá[á e"9Juﬀ¡






PHt =N (0, σ2t2H) áKá[á
e ¥Pvﬀ¡
s^`14â

















































=<3xT,¡pe?Iﬂ=<@M5[V%A[@BY<3]V%@B1J:=<9G5'IJH;HGAK14@M5K5[9;TU9;:DV%5,9G5[VŁN4IJ3<5K5[@B9G:<:<9/=<1J:<:<c;9oZ<IJA N (0, (∆t)2H ≡
n(∆t)) 6= N (0,∆(t2H)) ey14TnTU9 á f δBH(∆t) = 0 9GVtH;17 (BH(t), δBH(∆t)) = n(t + ∆t) −
n(t)− n(∆t) w6:<1J3<5FAK9GT,IJA[CD3<14:<5?CX369 BH 7ﬀc;A[@MRS92EaIsZ6AK14Z<A[@BcpV%c _e6fL:ŁZSIPA[V%@MH;3<EM@B9GA;wDZ1J3<A k = 2
14:IJ3<AKI
CδBH2 (∆t) = σ
2 ∆t2H = á
f




















Mq(∆t) ∝ exp(qH.f(∆t)) áKá[á e ¥J~4¡

















Y (a, t) = ln | TBH (a, t) |

∀ 0 ≤ − ln a1
a0
≤ − ln a2
a0









TBH (a2, t) = (a2/a1)


















































2H .∆t0, i ∈ IN
8 : "7ﬀ"% #4Y4:Jﬀ"- O'GKﬀ 1."%
B1/2(k)


































































































n(r) ∝ ln r e á EM5AK9;:6H;14:DV%A[9;:DVIJEB14A[5.=<9G52=<@ 1UH;3<EªV%c;5
CD3_^`@BEB5sH;14:DV%1436AK:<9G:XV9G:Z6AKc;5[9;Az74IJ:DVkEM9;3<AIoZ<A[@B14A[@?Z143<AkE^@M:X7JIJAK@BIJ:<HG9U=g^cGHpd69;EBEM9Je 7jAHG9':<9Ł5K14:DV
ZSIJ5®EB9G5b9p\]Z1J5%IJ:DV%5
ζ(q) ≡ H(q) CD3<@H;1J:XVK@B9;:6:<9;:DVbEaI'=<c;Z9;:6=SIJ:<HG9,9;: c;Hd<9GEBEB9PeWÆ>IJAbHG14:XVKAK9Pw9G:
IJYSIP:<=<14:<:<IJ:XVE­^`@B:D74IJA[@aIJ:6H;9k=_^`c;Hd<9GEBEB9,Z1436A=<c;HGAK@MAK9mEM9;5A[c;5K36EMV&I¦V%5k9p\]Zc;A[@BTU9;:DV&IJ3]\ 9G:3]V%@BEM@B5KIJ:XV
 &<$ ,2La, N. 2
(
$H,.   <ﬀ ﬁ&ﬂ 0&!    





















P (v˜2, λ2) =
∫
































  	Ö?ÙFÏ ÙbÖ ×?Ô;Õr×Ó 































Gs ? Gt =Gs+t, ∀ s, t > 0. á[áKá e¥<;ﬀ¡
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Ps2(Y ) = G










































| lnW | I1(2
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F ?k(ω) =γk,λ(|ω|) = λ
k
(k − 1)! |ω|



















(λ∆n)k | ω |k−1
























F (ω) = eω/T /T
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n(a) = − ln a
a0






IJ3ﬂ5[9;:<5t14â − ln(η/L) →
η→0
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W = e−γβk =W0 β
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∀n , ∀ t1 < t2 < . . . < tn,
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∀ t1 < t2 < t3, P1|1(X3, t3|X1, t1) =
∫




∀ t1 < t2, P1(X2, t2) =
∫

































τ = t2 − t1 CD3<@WEM9;55KcGZSIJA[9Je021J3<5:<1JV%1J:<5IJEB14A[5
P1|1(X2, t2|X1, t1) = Tτ (X2|X1) , τ = t2 − t1. áKá[á eu<9ﬀ¡
IkAK9;EBIPV%@M14:Ł=<9tydSIJZ6T,IJ:XO r14EMTn1JN4AK14A[1¦7=<9G7X@B9G:XVIP@B:<5[@_Z1J3<A
τ, τ ′ > 0
Tτ+τ ′(X3|X1) =
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T (τ + τ ′) = T (τ ′) T (τ) á[áKá eu&;ﬀ¡





























Tτ (X2|X1) = 1√





























































P (X2, t+ τ) =
∫
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T (l+m)(X3 | X1) =
∫
T (l)(X3 | X2)T (m)(X2 | X1) dy áKá[á eM¢v4~ﬀ¡
yr^`9;5[V2EaI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W (X2|X1) EBI®¹¶&· º » º ² 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W (X − r, r)P (X − r, t) dr − P (X, t)
∫
W (X,−r) dr. á[áKá eª4¢|D¡
d]14365jAKcG5K9;Az7ﬀ9kCD3<9
































rkW (X, r) dr. á[áKá
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Ps(ln δX) = δXP s(δX)
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(a2 − a1) → 0
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Uϕ(x) = − ∂
∂x
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, Ps(y) =Ps(ξ)C(ξ). á[áKá
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y = ln ξ
w
C1(y) = C1 = cste
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[ dX(j, k)dX(j, k
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nj ≤ Nlim e  IJ:DV,CD3<9
















[ Zq(j) ] ' log2 á
f
[ | dX(j, k) |q ] − Vq
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[Zq(j)] ' log2 á
f
[|dX(j, k)|q] + βq/nj 9pV  l
=6A;e¡F=69b7JIJA
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[ Zq(j) ] ' log2 á
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f |TX(a, t)|q = −H(q)n(a) +Kq á Èeªuﬀ¡
ln á
f |TX(a, t)|q = H(q)
H(p)
ln á
f |TX(a, t)|p +Kp,q, ∀ q, p, á ÈeJvﬀ¡
CYk (a) = C
G
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0 ≤ q ≤ 6 ¡e











































CY1 (a) = µ
Y
1 (a),
CY2 (a) = µ
Y
2 (a)− CY1 (a)2, á
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CY3 (a) = µ
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dX(j, k) = TX(a = 2
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dX(j, k)ψj,k(t) , á
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β = 1 


















ﬀ": 0 ,ﬂ 
 2














f(t, u) M{du} , á Èse~&94¡
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f(t, u) = 1(t − u ≥











u ≥ 0 9GV (u)+ = 0 IJ@BEMEB9G3<AK5Gw

























f |dX(j, k)|q = cq 2jqH , −1 < q < α. á Èse~&;4¡
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q ≥ α 143 q ≤ −1 e021PV%14:<5rCX369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[log2 Sq(j)] = log2 σ
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=<@BIJN4A%IPTnTU9;5?EB14NﬀIPAK@MVKd<TU@BCD3<9;52θ(q) = qH = ζ(q)
Z143<A − 1 < q < α,
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Y = |X|q I7ﬀ9GH q < −1 e01JV%1J:<5CX369U
1−G(y) = F ( 1
y1/|q|









G(y) ∼ 1− 2a1
y1/|q|
Z143<A
y −→ +∞ (q < −1) á ÈeJvﬀ¡
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[log2 Sq(j)] = log2 σ
q
j + log2 n
|q|−1
j + C. á
Èe44¡
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[log2 Sq(j)] = [1 + q (H + 1)] j +
y5[V%9
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θ(q) = 1 + q (H + 1)
Z1J3<A
q ≤ −1,
θ(q) = qH = ζ(q)
Z143<A − 1 < q < α,
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ln | dX(j, k) | e  1436VK9;5HG9;5kTUcGV%d61]=<9G5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T,IJ5[5K9bTU14EaIJ@MAK9 M 4 29 44 146 N<eTU14E −1
T,IP5K5K9i7ﬀ1JEB3<TU@BCD3<9
ρ 0, 164 1, 18 1, 79 5, 9
§DN<eT −3
HG14:<=<36HGV%@ª7X@MV%cjVKd<9;A[Tn@MCD3<9
λth 0, 191 0, 0262 0, 0166 0, 013
 eT −2 e  −1
H¢IJZ<IJH;@ªV%cjV%d69;AKTU@BCD3<9
cp 5200 1006 833 661
 6e`§DN −1 e  −1
7X@B5[H;145[@MV%cbHG@B:<cGT,IPVK@BCD3<9
ν 12 1, 57 0, 834 0, 19 .10−5
T 2 e`5 −1
7X@M5KH;1J5K@MVKcb=6X:SIJTU@BCD3<9
µ 1, 99 1, 85 1, 49 1, 15 .10−5
§DN<e`T −1 e5 −1
=<@ªhg3<5[@M7X@MVKcrV%d69;AKTU@BCD3<9
κ 22, 4 2, 22 1, 12 0, 33 .10−5
T 2 e`5 −1
:614TkY<AK9r=<9®ÆAKIJ:<=6VKE
Pr 0, 54 0, 71 0, 75 0, 6 −−
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P   = P     + P  
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eª¡
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	 = P   − P     CX3g^@MEg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
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P  
	 ∝ ρ  Èe~ﬀ¡
=<9 P  	 I7ﬀ9;H2EaITnIJ5K5[9r7ﬀ14EM3<Tn@MCD3<9 ρ 9;5zVH;14d6c;AK9G:XVK9bI749;HjEM9jA%IJ@M5K14:6:<9;TU9;:DV.=<@MTn9G:<5K@M14:<:<9GE
HGEaIJ5[5K@BCD3<9bCD3<@WZ<A[c;=<@ªV
P  	 = α (ρR3).(RΩ)2︸ ︷︷ ︸
∼m v2
.Ω = αρΩ3R5 
Èe`|D¡
q7ﬀ9;H
Ω = 2pi × 30 A%IJ=_e`5 −1 9pV R = 10, 7 HGT:<143<514Y]V%9;:614:<5
















EBI'Z63<@B5[5%IJ:<HG9=<@B5[5K@BZc;9 P  




































= Cte ' 1900  e§DN −1  Èeﬃ9ﬀ¡
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' 1.4 urms  Èeª~ﬀ¡





















 Frot = 30Hz
¡

























M[ N<eTU14E −1] ε¯[  e§DN −1] Prms[Pa] urms[ T*e`5 −1] Rλ λ( TnT )
H;367ﬀ9bZ<EM9p\]@
IP@BA
29 2600 50 4, 0 340 1, 3
H;36749tEBIJ@MVK14:
29
4 1900 4 2, 4 100 3, 5
IP@BA
29 1900 28 3, 5 290 1, 3
y 7
2 44 1900 46 3, 6 400 0, 92
d6Ì
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 ∼ exp(−t/τ), τ ∼ 20Trot ¡
IJ3]\jVK9;TUZ<5EB14:6N45
 ∆t > 15 Trot ∼ 0.5s ¡Å  lF=<A;e¡_H;9GV[V%9AK9GZ<AKcG5K9G:XV%IPV%@M14:bEB14NPOQEB14N?5K9GTkY<EB9
@B:<=<@MCD3<9;AÉCD3_^36:<9iEB14@=<9rZ<3<@B5[5%IJ:6H;9
 ∼ ∆t−2 ¡Z1J3<AKAKIJ@MV?Tn1X=<cGEB@B5[9;AÉIJ5[5K9   HG14AKA[9;HpV%9;TU9;:DV
EaI=<@M5[V%A[@BY<3]V%@B1J:ŁIJ3]\ŁVK9;TUZ<5H;1436A[V%5Ge
Z143<AKAKIJ@MV.Tn1X=<c;EM@B5[9;AFH;1JAKAK9GHGVK9;TU9;:DVEB9;5FVK9;TUZ<5EB14:<NJ5






 ∼ ∆t−2 ¡Z143<A[A%IJ@ªVAK9;:6=<AK9HG14TUZ6V%9®=<9HG9GVKVK9sZSIPA[V%@M9t=69EaI=<@B5zV%A[@BY<36VK@B14:geÊ2:<9
=<@M5[V%A[@BY<3]V%@B1J:9;:UEB14@6=<9Z<3<@B5[5%IJ:6H;9Z1J3<AKAKIJ@MVL«pV%A[92IP5K5K1XH;@Mc;9lb3<:<9H;1JAKAKcGEaIPVK@B14:s5[V&I¦V%@B5zV%@MCX369b{ª4wS4¥e
á











τ1 ∼ 1, 2Trot 9GVrE­^IJ36VKAK9®=<9tVK9;TUZ<52H;IJA%IPHGV%cGAK@M5[V%@MCD3<9s=<9tE­^`14AK=6AK9®=<9 τ2 ∼ 26Trot  RSN<eSÈse";ﬀ¡e
fL:*9phg9pV¢wSEM14AK5[CX369U






, 0 < α < 1, 
Èeªuﬀ¡
14:I
P (ln∆t) = ∆t P (∆t) = α∆t
e−∆t/τ1
τ1
+ (1− α)∆t e
−∆t/τ2
τ2
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P (∆t) = α exp(−t/τ1)/τ1 + (1 − α) exp(−t/τ2)/τ2 wI7ﬀ9;H τ1 '
1, 2Trot
IJ3]\tV%9GTnZ<5LHG143<AzV%5Fw49pV
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U = Vmoy = 7.3m.s
−1, max(| ∆P |
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, uz = γz , 
Èe]¡













































umeas(t) =| U cosα + uϕ(r)y
r
| .  ÈeJ~ﬀ¡
ÆLEB3<5[@B9;36AK5WZ<A[1JRSEB5g5K14:DVZ1J5K5K@MY<EB9G5;wG9;:i14:<HpV%@B1J:i=<3bHpd614@ª\r=<9;5ZSIPA%IJTUGVKAK9;5g=<3bTn1X=<;EM9
 U,max(|
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 $ $H 0&ﬂ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 . ﬁﬀ &ﬂ   
=<cpV%9;HpV%14:65i9;5[V





























9GVE^@M:XVK9;A[Tn@ªVKV%9G:<H;925[V%IPV%@M5[V%@MCD3<9Je6Æ>IJAF@B:DV%9GAKTU@MV[V%9;:6H;9r5zV&IPVK@B5zV%@BCD3<9r:<143<59;:DV%9G:<=<14:65)%À%»J¶Ä    »J¸XÄ·¦³





























Sq(j) ≡ Sq(a = 2j) e6jIJ:<53<:Ł=<14TnIJ@B:69214â,=<9;5
EB1J@B5.=_^`c;Hd<9GEBEM9;5F5K1J:XVF7ﬀcGAK@ªRSc;9G5;wS14:*IŁ




































Sq(j) ∼ Sp(j)ξ(q,p) ef:V%36AKY<3<EM9;:<HG9Jw S3 £[143<9k5K1J367ﬀ9;:DV®3<:¨A 4EM9Z<AK@©O
7X@BEMc;N4@Mcbl,H¢IJ365K9s=69sEaIAK9GEaIPVK@B14:'=<9  JAKTJ:]O 21
 
IJAzV%d{:;ﬀ¥¦w9pVj:<1J3<5r=<cpRS:<@M5K5K1J:<5





































































































&ﬂ $ $H 0&ﬂ&ﬀ $ ﬀ &ﬂ(ﬂ 0 2
.  
 . ﬁﬀ &ﬂ    

























































































j ∈ [j1 = 6, j2 = 8] ,  Èe<9ﬀ¡
9GVZ143<AFEM9;5IJHGH;AK1J@B5K5[9;TU9;:DV%5b






























N = 3 N = 5 N = 7 
  ¡
 v6e~J| v6e Pu v6eJu v]e Ju ± v]ev6
 v6eﬃ9J| v6e  9 v6e4 v]e <9 ± v]evﬀ
~ v6euﬀ v6e ¥Pu v6e¥Ju v]e";6 ± v]evﬀ
| 4eª v6euJu v6eu4u Jev4~ ± v]ev4~
 4e~ﬀ 4eM 4eª Je 4 ± v]evJ|
9 4e`|ﬀu 4e ¦| 4e4 Je~ﬀ¥ ± v]ev&9












C 9;:<5[9;TkY<EM9 14:6= RSEBIJTn9G:XVK5
 v6eJu ± v]ev6 v6e~6 ± v6ev] v6e4 ± v6evﬀ
 v6e<9 ± v]ev6 v6eJu ± v6ev4 v6e`|< ± v6ev4~
~ v6eﬃ;6 ± v]evﬀ v6eﬃ;ﬀ¥ ± v6ev4 v6e4¥ ± v6evﬀ
| 4ev4~ ± v]ev4~ 4eª¢| ± v6evJ~ v6e¥Jv ± v6evﬀ¥
 4e4 ± v]evJ| 4e~4u ± v6evP| v6eﬃ;4v ± v6eªv
9 4e~ﬀ¥ ± v]ev&9 4eﬃ9ﬀ ± v6ev<9 v6eﬃ;ﬀ ± v6eª¢|
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IJZ<Z9;EB1J:<5FCD3<9s5[@_V%143<5EB9G5FH;3<Tk36EaIJ:DV%5F=_^`14A[=<AK9 ≥ 3 5K14:DV:]3<EM5FEB9iZ<A[14ZSIJN4IPV%9G3<A9;5[V2EB1JNPO:<1JAKTnIJE­e




&ﬂ $ $H 0&ﬂ&ﬀ $ ﬀ &ﬂ(ﬂ 0 2
.  
 . ﬁﬀ &ﬂ    
C 9;:<5[9;TkY<EM9 14:6= RSEBIJTn9G:XVK5
 v6e~4u v6e~4u v6e`|ﬀv
 v6e¥4 v6e¥] v6e¥4
~ O O O
| 4e4 4e<9 4e4
 4e`|a; 4eJv 4e`|a;
9 4eﬃ94u 4e¥Jv 4e¥Jv





           
H(q)
            	  	          	       
 	   	  	         	























Ck(ln | X |)  Èe<;ﬀ¡
=<95K1JA[V%9CD3<9
log á
f | X |q 9G5[V?9;5K5[9;:DV%@M9;EBEM9;TU9;:DVL=<cpV%9;A[Tn@M:<cFZSIJA C1 wﬀEM9;5H;36Tk3<EaIJ:DV%5=_^`14AK=<A[925[3<ZcpO
AK@M9;3<A





























































































































































  	          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ξwt,(φ)(5, 3) = 5/3
IPVKVK9;:<=63<9UIJ3]\oZ6EB3<5iZ9GVK@MV%9G5bc;Hd<9;EMEB9G5
:_^`9;5zVrZSIP51JY<5K9GA[7ﬀcG9tlH¢IP3<5K9b=_^`3<:<9®AKcG5K14EM36V%@M14:Ł@B:<5[3 1U5%IJ:DV%9        	
   e




&ﬂ $ $H 0&ﬂ&ﬀ $ ﬀ &ﬂ(ﬂ 0 2
.  
 . ﬁﬀ &ﬂ  
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           
H(q)
             	  	         	      
 	 

 	  	        ﬃ	
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 q NﬀIJ3<Hd<9*      
  #ﬃ     
n(a)
         






  	    ﬀ          	  	















































limβ→0[(1 − a−β)/β] = ln a egInRSNJ3<AK9sÈseM9nTU14:XVKAK9

l¨=<A;e¡U36:<9HG14TnZ<IJA%IJ@M5K14:9;:DV%A[9*:6145,=<1J:<:<c;9G5m9GV,H;9*Tn1X=<;EM9'Z1436A





































|          = −H(q) dn
(φ)(a)
d ln a
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He, air, CO2, SF6































P ∝ ρ e































































 urms ' 3.6m.s−1 ¡e
Æ81436AE­^`d<cGEB@B36T*wﬀ@ME9G5[VF3<:ŁZ9;3Ł=6@Mhc;AK9G:XV;w]TnIJ@M5?14:mI=SIJ:<5.HG9jH¢IP5
urms ' 2.4m.s−1 < 3.6m.s−1 
 	            Je























k = 1, 2, 3
e
"
G   J Z #TD P(YJ
 ﬃJ KSIR  R"MNG8]"J
?
y14TUTn9Ł14:V%AKI7JIJ@BEMEB9UlN4c;14TUcGVKAK@M9
 L = Cte
wTUc;H¢IP:<@B5[Tn9
=_^`@B:¦£[9GHGVK@B14:'@B=69;:DV%@BCD3<9¢¡9GV2l=<@B5[5K@BZ<IPV%@M14:ŁTn1ﬀ9G:<:<9



























100 3, 5 ∼ 1, 0
IJ@BA
300 1, 3 ∼ 0, 3
y 7
2 400 0, 9 ∼ 0, 2
d6Ì
6 800 0, 4 ∼ 0, 1




























' 3.3  Èe~4~ﬀ¡
021J3<5i=<@B5[Z1J5K9;A[14:<5b=<9IJ¬G14:oRIJY<EM9k=<9;5b1XHGV%I7ﬀ9G5
j ≥ 4 5[9;3<EM9;TU9;:DV¢e_0143<5b5K9GAK14:65®EM@BTU@MVKc®Z<IJAiEaI
V&IP@BEBEM9r=<9G5FRSHd<@B9GAK5l





 log2(Fe/Frot) ' 11
¡143,E­^`c;Hd<9;EMEB9@B:DV%cGN4A%IPEB9




j ≥ 4 H;9bCD3<@WHG14AKA[9;5KZ14:<=lkCX369;EBCD3<9G5AKIJHGVK@B14:65F=<9 λ e





























































































































































q = 6  He   >> Filaments <<


















j = 11  Frot = 30Hz
w<=6@B5KZ145[@MV%@ª: o 4¡pe

=	  ØÉÙÏØ ÝMÕ.Ó]ÑÛLßÛFÑ­ÐàÏ?Û
	¤ÙjÑMÜ?ÑBØÑÞÝMÏ8Ø
+? ?A> 



























































































































































































j = 11  Frot = 30Hz
wS=<@M5KZ145K@ªV%@M: o 4¡pe



























 Rλ = 800
w6=6@B5KZ145[@MV%@ª: o 4¡eSW9;5YSIJA[AK9;5F=g^9GAKAK9G3<AAK9SGVK9;:DV=<9;5
@B:DV%9GA[7JIJEBEM9;5É=<9bH;14:]RIJ:<HG9sluﬀme















































































 j ≤ 4 ¡Z143<A
14Y<5[9;Az7ﬀ9;At=<9;5t=<@Mhc;A[9;:<HG9;5;eqr3X\ﬂcGHd<9;EMEB9;5bZ<EM3<5®N4A%IJ:6=<9;5













































 Rλ = 100
w
=<@M5KZ145K@ªV%@M: o 4¡pe
















































































6  Frot = 30Hz
w_=<@M5KZ145K@ªV%@ª: o 4¡pec7i:14Y65K9;Az7ﬀ93<:H;14TUZ14A[VK9;TU9;:DVjEB@M:<c¢IP@BAK9t=<9







f | dv(j, k) |4
( á











(H(4) − 2H(2))/H(2) eLyr^`9;5[VnY<@M9;:EB9ŁH¢IP5n@MH;@­w3<:<9
9;5zV%@MT,IPVK@B14:,=<9bEaIkZ9G:XVK9i=<9bEaIk=<A[14@MVK9j=<14:<:69







IKYZBJ Z@J M	P K  K"G8XSIM ZBJ





ln | dv | e
g
R"M2IJFXYP&J ZBJ P&G MP&GFZ@J M)ﬃOﬂ




























































































j ≥ 4 e  l,N<eªwg9G:oYSIJ5&¡2fH;IJA[VjAK9;EBIPV%@ªL=<9
C3(j)
lb3<:<9H;1J:<5[V%IJ:XVK9Jwﬀ@M:6c;A[@B9;36Alt  Z1J3<A




  F&ﬂ:,ﬀ &ﬂ    
9;5zV%@MTncG5
Sq

















j ≥ 4  RSN<e<Èe<;ﬀ¡eSÆLEB3<5FZ6AKc;HG@B5[c;TU9;:DV¢wS14:I C2 ∝ C1 9GV C3 ' Cte e

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zooming around bursting events
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of isolated dissipation burst  
slope  −1 
slope  −0.5 
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Scaling around a dissipation burst
real dissipation signal
Scaling around  a dissipation burst
dissipation signal has been 
randomly mixed
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He air CO2 SF6
b a b a b a b a
fil no1 1, 04 −2, 17 1, 82 −1, 13 1, 69 −0, 91 1, 19 −0, 50
fil no2 0, 99 −1, 49 1, 92 −0, 84 1, 94 −0, 86 1, 22 −0, 18
fil no3 nondisp. 1, 73 −1, 03 1, 70 −0, 93 1, 12 −0, 41
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